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A B S T R A C T 
The current study presents lateral load analysis of mid-rise reinforced concrete 
framed structures with two different lateral load resisting systems; shear walls and 
rigid marginal beams. The main objective here is to investigate the influence of the 
location of the system in the structure; i.e. arrangement of shear walls and level of 
the marginal beam. For that purpose, seismic fragility curves are used as an assess-
ment tool for comparing the seismic performance of the studied structures in differ-
ent situations. Incremental dynamic analysis was performed under ten ground mo-
tions to determine the yielding and collapse capacity of each building. Five perfor-
mance levels were considered in the analysis. These performance levels are (i) oper-
ational, (ii) immediate occupancy, (iii) damage control, (iv) life safety and (v) collapse 
prevention. Fragility curves were developed for the structural models of the studied 
structures considering the previously mentioned performance levels. It was ob-
served that arrangement of shear walls on the long direction of the structure has in-
significant effects on its performance while interior shear walls provide the best be-
havior of the structure compared to exterior shear walls only and distributing shear 
walls internally and externally. The analysis outcomes also indicated that the pres-
ence of the rigid marginal beam in the lower storey gives more efficiency regarding 
to lateral loads resistance in the studied structure. 
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1. Introduction 
Shear walls and rigid marginal beams are the most 
common tools used for resisting lateral loads in mid-rise 
structures. However, the arrangement of shear walls and 
the levels of rigid marginal beam in the building affect 
the structure performance. Talaeitaba et al. (2014) 
found that the value of response modification factor, in 
comparison with the presented value in ASCE7 code, was 
varied between -18% to +25% over changing the ar-
rangement of the shear walls. 
Earthquakes may cause extensive losses. Among which, 
structural damage plays an important role. One of the most 
important tools in evaluating the seismic damage to struc-
tures is the fragility curves. The fragility curves for cer-
tain type of building structure are used to represent the 
probabilities that the structural damages, under various 
levels of seismic excitation, exceed specified damage level. 
In other words, each point on the curve represents the 
probability that the spectral displacement under certain 
level of ground shaking is larger than the displacement as-
sociated with certain damage state (Cherng, 2001). 
Performance-based design aims to satisfying owners 
and users of structures by selecting the desired perfor-
mance level of the structure under different earthquakes 
(SEAOC, 1995; Hamburger, 1998; Federal Emergency 
Management Agency (FEMA) 349, FEMA/EERI, 2000; 
ATC, 2002; Vamvatsikos and Cornell, 2002). The desired 
performance level affects design and construction costs. 
The performance level is an expression of the maximum 
desired extent of damage to a structure under specific 
earthquake design level. 
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The overall building performance is categorized by 
FEMA 273 (1997) / 356 (2000) in terms of both the 
structural and non-structural performance levels as Op-
erational, Immediate Occupancy, Life Safety and Col-
lapse Prevention. 
Incremental dynamic analysis, IDA, is a parametric 
analysis method used to estimate structural perfor-
mance under seismic loads. During IDA, The structural 
model is subjected to several ground motion records, 
each scaled to multiple levels of intensity, and thus pro-
ducing response curves parameterized versus intensity 
levels. IDA gives a clear vision about the performance of 
a certain type of structures under seismic excitations 
with wide range of intensities (Vamvatsikos and Cornell, 
2002). 
Many researchers developed and used IDA curves in 
their research. Uriz and Mahin (2004) used IDA to study 
seismic performance of concentrically braced steel 
frames. Kircil and Polat (2006) developed IDA curves for 
mid-rise RC frames in Istanbul. Mander et al. (2007) de-
veloped IDA curves for bridge structures and then the 
IDA results were integrated into a probabilistic risk anal-
ysis procedure. Ibrahim (2009) performed IDA on typi-
cal moment-resisting frames located in Egypt. Ibrahim 
and El-Shami (2011) carried out IDA for four and eight-
storey multistorey reinforced concrete (RC) frame build-
ings in Saudi Arabia. Moridani and Khodayari (2013) 
studied the influence of different seismic sources char-
acteristics on the outcomes of IDA.  
Farsi et al. (2015) presented a work to estimate the 
seismic vulnerability of existing buildings in Algeria. Rai-
pure (2015) presented a study on development of fragil-
ity curves for open ground storey buildings. She used 
probabilistic seismic demand model (PSDM) as per 
power law for the generation of fragility curves. Vazur-
karand Chaudhari (2016) discussed HAZUS methodol-
ogy for the generation of fragility curves and the fragility 
curves are generated for low-rise RC building structures 
without considering infill walls. Rehman and Cho (2016) 
produced probability damage maps for four damage lev-
els and three structure types. 
The inter-storey drift ratio, i.e. the ratio of storey drift 
between two consecutive floors to storey height, is con-
sidered as a significant cause that leads to the damage of 
building structures when subjected to earthquake 
ground motion. Hence, performance levels are usually 
expressed in terms of inter-storey drift ratios i.e. storey 
drift divided by storey height. FEMA 356 provided typi-
cal values of inter-storey drift ratios for different struc-
tural systems for various structural performance levels. 
For concrete frames, the values are 1%, 2% and 4% for 
immediate occupancy (IO), life safety (LS) and collapse 
prevention (CP), levels, respectively. Based on many ref-
erences 
Xue et al. (2008) suggested values of maximum inter-
storey drift ratio for each performance level for different 
structural systems. For systems rather than that with 
masonry shear walls, the values of maximum inter-sto-
rey drift ratios for performance levels; operational (OP), 
immediate occupancy (IO), damage control (DC), life 
safety (LS) and collapse prevention (CP) are tabulated in 
Table 1.
Table 1. Maximum inter-storey drift ratios for different performance levels (Xue et al. 2008). 
Performance level OP IO DC LS CP 
Maximum inter-storey drift ratio 0.005 0.010 0.015 0.02 0.025 
2. Structural Models 
Two reinforced concrete framed structures were se-
lected for analysis in this research. 
The first structure is one bay-eight storey space frame 
with 3m storey height and 4m bay width. The frames are 
5m apart. Dimensions of this structure were selected so 
that it has a strong direction and a weak direction. In the 
analysis, the structure was subjected to earthquakes in 
the strong direction as CASE 1-1 and in the weak direc-
tion as CASE 1-2. To understand the behavior of the 
structure in the two studied cases, all shear walls were 
arranged to resist the ground motion in each case. So, 
four different structural systems were studied for each 
case. The investigated structures are described accord-
ing to arrangement of shear walls as follows: 
 
CASE 1-1 
SW1: Frame without shear walls, 
SW2: Frame with exterior shear walls, 
SW3: Frame with interior shear walls, and 
SW4: Frame with exterior and interior shear walls 
 
 
CASE 1-2 
SW5: Frame without shear walls, 
SW6: Frame with exterior shear walls, 
SW7: Frame with interior shear walls, and 
SW8: Frame with exterior and interior shear walls 
 
The second structure is a symmetric two bays-six 
storey space frame with 3m storey height, 4m bay 
width and frames are 4m apart. Six different structural 
systems were studied for this frame as CASE 2-0 de-
pending on the level of the rigid marginal beam in the 
structure. 
 
CASE 2-0 
MB1: Structure without rigid marginal beam, 
MB2: 1st storey with rigid marginal beam, 
MB3: Lower storey with rigid marginal beam, 
MB4: Medium storey with rigid marginal beam, 
MB5: Upper storey with rigid marginal beam, and 
MB6: All floors with rigid marginal beams. 
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The structure models are shown in Figs. 1, 2 and 3, 
while Table 2 shows the cross sections and reinforce-
ment of beams, columns and shear walls. 
All structures were designed according to the Egyp-
tian Code of practice (No. 203, 2007) with compressive 
strength of concrete 250 kg/cm2 and yielding stress of 
reinforcing steel 3600 kg/cm2. The soil condition was 
selected as soil class C, which is medium soil. The struc-
tures were classified as low hazard buildings, with im-
portance factor I = 1. Design ground acceleration of 
0.125g was considered as the structures were assumed 
to be in Alexandria (Zone 2).
Table 2. Cross sections of beams, columns and walls. 
Model Beam Column Wall 
Maximum inter-storey drift ratio 
Dimensions, cm 
Reinforcement, mm 
B 
20×60 
12Φ16 
B1 
20×50 
8Φ16 
B2 
20×70 
12Φ16 
C 
40×40 
16Φ12 
W 
30×200 
50Φ12 
 
  
SW1, Natural Period ‘T’= 0.97162519 sec SW2, Natural Period ‘T’= 1.05706765 sec 
  
SW3, Natural Period ‘T’= 1.0570553 sec SW4, Natural Period ‘T’= 1.05595999 sec  
Fig. 1. Structural models for CASE 1-1 (plan views). 
  
SW5, Natural Period ‘T’= 0.97162519 sec SW6, Natural Period ‘T’= 0.92561894 sec 
  
SW7, Natural Period ‘T’= 0.90634853 sec SW8, Natural Period ‘T’= 0.93025108 sec 
Fig. 2. Structural models for CASE 1-2 (plan views).
During the IDA using SeismoStruct, the concrete was 
modeled using a uniaxial constant confinement concrete 
model initially presented by Madas (1993). The confine-
ment effects provided by the lateral transverse rein-
forcement are included through the model introduced by 
Mander et al. (1988) which assumed constant confining 
pressure throughout the entire stress–strain range. The 
reinforcing bars were modeled using a uniaxial bilin-
ear stress-strain model with kinematic strain harden-
ing. 
The elastic range remains constant throughout the 
various loading stages, and the kinematic hardening rule 
for the yield surface is assumed as a linear function of the 
increment of plastic strain.  
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`    
MB1, ‘T’= 0.39185482 sec MB2, ‘T’= 0.37574368 sec MB3, ‘T’= 0.36009262 sec 
`    
MB4, ‘T’= 0.38262346 sec MB5, ‘T’= 0.40672273 sec 
 
MB6, ‘T’= 0.36118652 sec 
Fig. 3. Structural models for CASE 2-0 (elevation views)
3. Incremental Dynamic Analysis 
To perform IDA, an appropriate set of ground motions 
is required. Several seismic codes (e.g. Uniform Building 
Code (UBC), 1997; Egyptian code for loads and ENV 
1998-1, 2005) and researchers (e.g. Bommer et al., 
2003) suggested a minimum of seven ground motions to 
be used to describe the behavior of a building under seis-
mic loads. These ground motions can be selected from 
real records of earthquakes or can be generated artifi-
cially. Real records are more realistic since they include 
all ground motions characteristics such as amplitude, 
frequency, duration, energy content, number of cycles 
and phase (Rota et al., 2010). In this analysis, 10 records 
of ground motions were selected to perform the time his-
tory analysis of the chosen structures; all of them are real 
records of historical earthquakes. The characteristics of 
these ground motions are presented in Table 3. 
During IDA, each ground motion was scaled incre-
mentally up to 1.0g using a step of 0.2g. The maximum 
inter-storey drift ratio was calculated for each PGA, this 
represents a point on the IDA curve. The points of this 
drift ratio resulting from the various PGA values form the 
full IDA curve for a specific ground motion. The proce-
dure was repeated for all 10 ground motions used in this 
paper. The full of fourteen IDA curves was extracted. 
Each curve characterizes the seismic response of a spe-
cific structural model under the effect of the ten ground 
motions. The IDA curves for the structural models are 
presented in Figs 4, 5 and 6 for CASE 1-1, CASE 1-2 and 
CASE 2-0 respectively. 
The number of occurrence among the ground motions 
that exceeded certain performance level at each PGA 
value is calculated. Then the probability of exceeding this 
damage state was calculated. Mean and standard 
deviation, μ and σ, of the natural logarithm of PGA at 
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which each structure reaches the threshold of a specific 
damage state or performance level were calculated. 
These values are summered in Tables 4, 5 and 6 for CASE 
1-1, CASE 1-2 and CASE 2-0 respectively, and were used 
in developing the fragility curves presented below. 
As can be noted from all curves, IDA curve differs from 
one ground motion to another leading to a wide range of 
response for each structure. The common property 
shared by all curves is that data points create a linear 
region at lower scale factors. By increasing scale factor 
the curves begin to bend meaning that the structure 
begins to yield. For better assessment of structural 
performance, seismic fragility curves for each structure 
needs to be extracted at the five performance levels 
tabulated in Table 1. 
The vertical gridlines on each curve at maximum inter-
storey drift ratio of 0.005, 0.01, 0.015,0.02 and 0.025 repre-
sent performance level of OP, IO,DC, LS and CP respectively.
 
Table 3. Details of ground motions 
No. Ground motion Station Date PGA (g) Duration, Sec. 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
CHICHI 
FRIULI 
HOLLISTER 
IMPERIAL VALLEY 
KOBE 
KOCAELI 
LANDERS 
LOMA, PRIETTA 
NORTHRIDGE 
TRNIDAD 
TAIWAN 
ITALY 
USA 
USA 
JAPAN 
TURKEY 
USA 
USA 
USA 
USA 
Sep,20,1999 
May,06,1976 
Apr,09,1961 
Oct,15,1979 
Jan,16,1995 
Aug,17,1999 
Jun,28,1992 
Oct,18,1989 
Jan,17,1994 
Aug,24,1983 
0.36 
0.35 
0.2 
0.32 
0.34 
0.35 
0.64 
0.36 
0.57 
0.19 
50 
36 
40 
40 
40 
35 
48 
40 
40 
21 
4. Fragility Curves 
Fragility curves are log-normal functions which ex-
press the probability of reaching or exceeding a specific 
damage state. They can be developed in terms of a seis-
mic parameter, such as spectral acceleration, spectral 
displacement, peak ground velocity and PGA. Since PGA 
was the parameter used in developing the IDA in this 
work and also in previous researchers such as Ibrahim 
and El-Shami (2010), the PGA was selected to be the cor-
responding parameter in developing the fragility curves. 
The cumulative  distribution functions was calculated by 
dividing the number of data points that reached or ex-
ceeded a  particular damage state by the number of data 
points of the whole sample (Shinozuka et al., 2003). The 
conditional probability of a structure to reach or exceed 
a specific damage state, D, given the PGA, is defined by:  
𝑃 [𝐷/𝑃𝐺𝐴] =  ɸ ((ln (𝑃𝐺𝐴) − 𝜇)/𝜎)) , (1) 
where ɸ is the standard normal cumulative distribution 
function; µ and σ are the mean value and standard devia-
tion of the natural logarithm of PGA at which the building 
reach the threshold of a specific damage state or perfor-
mance level; D. Log-normal functions with two parameters 
(μ and σ) were fitted for different performance levels: OP, 
IO, DC, LS and CP, associated with the frames under study. 
The input data points and the log-normal function fit-
ted for different performance levels occurred in frame 
[SW1] (as an example) are shown in Table 7 and Fig. 7. 
Referring to Table 7, it can be noticed that when frame 
SW1 is exposed to weak ground motion with PGA = 0.2g, 
the probabilities of exceeding the OP, IO, DC, LS and CP 
performance levels are 69%, 36%, 5% , 4% and 1% re-
spectively. Also, the probability of exceeding a certain per-
formance level increases by increasing PGA. Relations be-
tween PGA and probability for different performance lev-
els of frame SW1 are plotted in Fig. 7 whereas Figs. 8, 9 
and 10 represent the whole set of fragility curves for 
frames of CASE 1-1, CASE 1-2 and CASE 2-0 respectively. 
It is obvious that in CASE 1-1, the probability of ex-
ceeding different performance levels for frame (SW1) is 
higher than its counterpart in (SW2) with a significant 
difference. This indicates that existence of exterior shear 
walls significantly enhances performance of the struc-
ture at different levels. 
Interior shear walls (SW3) show slight improvement 
in performance of the structure compared to exterior 
shear walls (SW2).   
Distributing shear walls externally and internally 
(SW4) gives an intermediate response between those for 
SW2 and SW3. 
Generally, it is clear that different arrangements of 
shear walls along the strong direction of the structure 
have little effects on structural performance but the best 
performance was achieved when shear walls were accu-
mulated internally. On the other hand, when earth-
quakes act on the weak direction of the structure (CASE 
1-2), existence of exterior shear walls (SW6) slightly im-
proves performance when compared to (SW5).  
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SW1 
 
 
 
 
 
 
 
SW2 
 
SW3 
 
SW4 
Fig. 4. Incremental dynamic analysis for the four frames in CASE 1-1. 
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
0 0.005 0.01 0.015 0.02 0.025
P
G
A
(g
)
Maximum inter story drift ratio
Chichi
Friuli
Hollister
Imperial_Vally
Kobe
Kocaeli
Landers
Loma_Prieta
Northridge
Trinidad
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
0 0.005 0.01 0.015 0.02 0.025
P
G
A
(g
)
Maximum inter story drift ratio
Chichi
Friuli
Hollister
Imperial_Vally
Kobe
Kocaeli
Landers
Loma_Prieta
Northridge
Trinidad
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
0 0.005 0.01 0.015 0.02 0.025
P
G
A
(g
)
Maximum inter story drift ratio
Chichi
Friuli
Hollister
Imperial_Vally
Kobe
Kocaeli
Landers
Loma_Prieta
Northridge
Trinidad
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0
0.0000 0.0050 0.0100 0.0150 0.0200 0.0250
P
G
A
(g
)
Maximum inter story drift ratio
Chichi
Friuli
Hollister
Imperial_Vally
Kobe
Kocaeli
Landers
Loma_Prieta
Northridge
Trinidad
 Hekal et al. / Challenge Journal of Concrete Research Letters 8 (4) (2017) 109–121 115 
 
SW5 
SW6 
SW7 
SW8 
 
Fig. 5. Incremental dynamic analysis for the four frames in CASE 1-2. 
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MB5 
 
MB6 
Fig. 6. Incremental dynamic analysis for the six frames in CASE 2-0.
Table 4. Parameters of log-normal distributions for fitting data for CASE 1-1 frames. 
Frames 
OP IO DC LS CP 
µ σ µ σ µ σ µ σ µ σ 
SW1 0.128 0.925 0.259 0.726 0.438 0.477 0.494 0.505 0.596 0.470 
SW2 0.108 0.900 0.237 0.878 0.410 0.535 0.562 0.567 0.825 0.580 
SW3 0.150 0.855 0.297 0.801 0.447 0.630 0.628 0.628 0.914 0.656 
SW4 0.108 0.900 0.273 0.786 0.430 0.513 0.637 0.578 0.896 0.544 
Table 5. Parameters of log-normal distributions for fitting data for CASE 1-2 frames. 
Frames 
OP IO DC LS CP 
µ σ µ σ µ σ µ σ µ σ 
SW5 0.069 0.824 0.142 0.786 0.212 0.943 0.286 0.821 0.309 0.861 
SW6 0.119 0.789 0.223 0.860 0.370 0.613 0.455 0.547 0.550 0.467 
SW7 0.223 0.549 0.270 0.748 0.431 0.511 0.594 0.449 0.714 0.517 
SW8 0.093 0.909 0.209 0.902 0.337 0.651 0.437 0.541 0.529 0.500 
Table 6. Parameters of log-normal distributions for fitting data for CASE 2-0 frames. 
Frames 
OP IO DC LS CP 
µ σ µ σ µ σ µ σ µ σ 
MB1 0.146 0.579 0.234 0.522 0.443 0.420 0.610 0.441 0.734 0.417 
MB2 0.116 0.416 0.294 0.525 0.493 0.275 0.726 0.359 0.818 0.289 
MB3 0.137 0.582 0.277 0.599 0.438 0.454 0.693 0.482 0.842 0.334 
MB4 0.123 0.477 0.287 0.398 0.486 0.282 0.668 0.382 0.734 0.417 
MB5 0.137 0.582 0.278 0.383 0.423 0.374 0.578 0.439 0.684 0.490 
MB6 0.123 0.477 0.260 0.567 0.445 0.373 0.728 0.428 0.842 0.334 
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Table 7. The probability of exceeding performance levels at certain PGA for frame [SW1]. 
PGA(g) OP IO DC LS CP 
0.0 
0.1 
0.2 
0.3 
0.4 
0.5 
0.6 
0.7 
0.8 
0.9 
1.0 
0.00 
0.39 
0.69 
0.82 
0.89 
0.93 
0.95 
0.97 
0.98 
0.98 
0.99 
0.00 
0.09 
0.36 
0.58 
0.72 
0.82 
0.88 
0.91 
0.94 
0.96 
0.97 
0.00 
0.00 
0.05 
0.21 
0.42 
0.61 
0.74 
0.84 
0.90 
0.93 
0.96 
0.00 
0.00 
0.04 
0.16 
0.34 
0.51 
0.65 
0.76 
0.83 
0.88 
0.92 
0.00 
0.00 
0.01 
0.07 
0.20 
0.35 
0.51 
0.63 
0.73 
0.81 
0.86 
 
The probability of exceeding the performance levels 
for frame (SW7) is lower than its counterpart in (SW6), 
this clarifies that existence of interior walls provides the 
structure with more efficiency than of exterior walls. In 
(SW8), the same number of walls was used but was dis-
tributed externally and internally. It was observed that 
the probability of reaching different performance levels 
in this case is higher than (SW7) and lower than (SW6). 
Based on the previously discussed results, it can be con-
cluded that the best performance of the structure was 
reached in case of interior shear walls. 
It is obvious that in CASE 2-0, the probability of ex-
ceeding the performance levels for the frame in the cases 
[MB1], [MB4] and [MB5] are higher than their counter-
parts in the case [MB2], [MB3] and [MB6], which means 
that existence of rigid marginal beam in lower levels 
gives more efficiency. 
Lateral load resisting efficiencies in structure with 
rigid marginal beams in all floors and that for rigid mar-
ginal beam in the 1st floor are almost the same. This in-
dicates that the existence of rigid marginal beam in the 
lower storey provides the best performance and the 
most economic situation.  
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Fig. 7. Fitted curves for the frame SW1 at different performance levels. 
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Fig. 8. Fragility curves for frames of CASE 1-1. 
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Fig. 9. Fragility curves for frames of CASE 1-2. 
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Fig. 10. Fragility curves for frames of CASE 2-0.
5. Conclusions 
In this study, seismic fragility curves were conducted 
for R.C. 3D framed structures with different positions of 
shear walls as the first category of cases, two cases were 
considered CASE 1-1 and CASE 1-2 where in CASE 1-1, 
the structure was exposed to ground motions in its long 
direction while in CASE 1-2 ground motions act in the 
short direction. Ground motions were obtained from 
real records. 
Also in this study, seismic fragility curves were con-
ducted for R.C. 3D framed structures with different levels 
of the rigid marginal beam.  
IDA was conducted using ‘SeismoStruct’ software un-
der 10 ground motions. IDA curves showed wide range 
of behavior with large variation from record to record. 
Different structural and non-structural performance 
levels were considered. These levels are operational 
(OP), immediate occupancy (IO), damage control (DC), 
life safety (LS) and collapse prevention (CP). 
Based on the obtained results for different studied 
cases, it can be concluded that: 
 Fragility curves are very useful tools for describing 
the behavior of certain structure under seismic loads. 
They also are considered as an excellent means of 
judgment and hence predicting the most efficient sys-
tem for a certain structure. 
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 Different arrangements of shear walls in the structure 
produce different responses which lead to different 
performances. 
 In frames of CASE1-1, shear walls, generally, play an 
important role in improving seismic performance of 
the structure, but no significant differences in perfor-
mance were observed regarding to wall arrangement 
in the structure.  
 In frames of CASE1-2, using interior shear walls gives 
the best behavior of the structure compared to exte-
rior shear walls only and distributing shear walls in-
ternally and externally.  
 The existing of rigid marginal beam in the lower sto-
rey shows the best structural resistance for lateral 
loads. 
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